A high intake of fat may increase the risk of obesity. Obesity, especially abdominal obesity, is an important determinant of the risk of developing insulin resistance and non-insulin-dependent diabetes mellitus. It is suggested that a high proportion of fat in the diet is associated with impaired insulin sensitivity and an increased risk of developing diabetes, independent of obesity and body fat localization, and that this risk may be influenced by the type of fatty acids in the diet. Cross-sectional studies show significant relationships between the serum lipid fatty acid composition, which at least partly mirrors the quality of the fatty acids in the diet, and insulin sensitivity. Insulin resistance, and disorders characterized by insulin resistance, are associated with a specific fatty acid pattern of the serum lipids with increased proportions of palmitic (16 : 0) and palmitoleic acids (16 : 1 n-7) and reduced levels of linoleic acid (18 : 2 n-6). The metabolism of linoleic acid seems to be disturbed with increased proportions of dihomo-gamma linolenic acid (20 : 3 n-6) and a reduced activity of the D5 desaturase, while the activities of the D9 and D6 desaturases appear to be increased. The skeletal muscle is the main determinant of insulin sensitivity. Several studies have shown that the fatty acid composition of the phosholipids of the skeletal muscle cell membranes is closely related to insulin sensitivity. An increased saturation of the membrane fatty acids and a reduced activity of D5 desaturase have been associated with insulin resistance. There are several possible mechanisms which could explain this relationship. The fatty acid composition of the lipids in serum and muscle is influenced by diet, but also by the degree of physical activity, genetic disposition, and possibly fetal undernutrition. However, controlled dietary intervention studies in humans investigating the effects of different types of fatty acids on insulin sensitivity have so far been negative.
Introduction
The prevalence of obesity, insulin resistance and noninsulin-dependent diabetes mellitus (NIDDM) is rapidly increasing worldwide, with major consequences for community health and demand for medical care. The rapid change indicates that environmental factors, in addition to genetic disposition, are of major importance for the development. The most important lifestyle factors associated with the development of insulin resistance and NIDDM are probably dietary habits and physical activity.
Dietary fat, obesity and insulin resistance
Obesity, especially abdominal obesity, appears to be the most important determinant of the risk of developing insulin resistance and NIDDM (Ohlsson et al. 1985) . There are indications from cross-sectional and dietary intervention studies in humans that a high intake of fat may contribute to the development of obesity (Astrup et al. 2000) . There are also indications from some studies that a high intake of fat is associated with impaired insulin sensitivity (Lovejoy & DiGirolamo 1992; Mayer et al. 1993; Parker et al. 1993; Marshall et al. 1997; Mayer-Davis et al. 1997) and an increased risk of developing diabetes (Marshall et al. 1991 (Marshall et al. , 1994 Tsunehara et al. 1991) , also independent of obesity. This risk may be modulated by the type of fatty acids in the diet (Marshall et al. 1991; Tsunehara et al. 1991; Colditz et al. 1992) . Several studies indicate that a high-fat diet may be especially deleterious in physically inactive, sedentary individuals (Marshall et al. 1991; Mayer et al. 1993; Mayer-Davis et al. 1997) . Obese subjects who are physically active do not experience the same risk.
This review concentrates mainly on what we know about the relationships between dietary fat quality, i.e. the type of dietary fatty acids in the diet, and insulin action in humans.
Fatty acid composition of human tissues as a dietary marker
The methods used for estimating diet composition among free living populations are far from perfect. Thus we know that most persons tend to underestimate their energy intake, and that this underestimation is most pronounced among obese people (Blundell & Cooling, 2000; Lissner et al., 2000) . There are also suggestions that some nutrients or food components may be selectively underestimated, e.g. the amount of dietary fat (Lissner et al., 2000) . In a search for more reliable dietary markers it has been shown that the fatty acid composition of serum lipid esters (Ma et al. 1995; Nikkari et al. 1995) or adipose tissue triglycerides (Van Staveren et al. 1986; Wolk et al. 1998 ) mirrors the fatty acid pattern of the diet over several weeks (serum) or many months (adipose tissue) preceding the analysis. This is especially true for the proportions of the polyunsaturated, essential fatty acids, but also to some extent for the saturated fatty acids. A high proportion of these fatty acids in body tissues reflects a high dietary intake during the period before the sample was taken.
Fatty acid composition in serum and insulin sensitivity
When newly detected NIDDM patients were investigated and compared with healthy controls, they had considerably higher proportions of saturated fatty acids and lower proportions of linoleic acid in the serum cholesterol esters (Salomaa et al. 1990) . Subjects with glucose intolerance showed an intermediate situation. A similar picture was observed among 70-year-old men (Table 1) when the fatty acid patterns of serum cholesterol esters were related to insulin sensitivity, as measured by the hyperinsulinaemic, euglycaemic clamp technique (Vessby et al. 1994b ). Thus insulin sensitivity was associated with low proportions of palmitic (16 : 0) and palmitoleic (16 : 1 n-7) acids and a high proportion of linoleic acid (18 : 2 n-6). The proportions of gamma linolenic (18 : 3 n-6) and dihomo-gamma linolenic (20 : 3 n-6) acids, which are metabolites of linoleic acid in the insulin-sensitive subjects, were low. The fatty acid pattern in serum lipids in the insulin-resistant subjects suggested a decreased activity of the enzyme D5 desaturase, as evaluated from the ratio between archidonic acid (20 : 4 n-6) and dihomo-gamma linolenic acid (20 : 3 n-6) and higher activities of D6 desaturase (18 : 3 n-6/18 : 2 n-6) and D9 desaturase (16 : 1 n-7/16 : 0) than among healthy controls. Partly similar relationships were seen between the fatty acid composition of the adipose tissue triglycerides and insulin sensitivity (Table 1) , but there were also clear differences when compared with serum, for example regarding the associations between the proportions of long-chain unsaturated n-3 fatty acids and insulin sensitivity. The reason for these discrepancies are at present not clearly understood.
The changes in the fatty acid pattern among insulin resistant or diabetic subjects indicated that they may have had an altered dietary fat composition, compared to healthy people. Another possibility is that the fatty acid changes may be secondary to the metabolic derangement, for example to the diabetic state. However, when healthy 50-year-old men, who later developed NIDDM during a 19-year follow-up period, were compared with men of the same age who remained healthy, they displayed a fatty acid pattern of the same type as seen in glucose-intolerant and diabetic subjects (Vessby et al. 1994a) , contradicting the idea that the different fatty acid proportions were consequences of the disease process as such. A similar fatty acid pattern was seen in patients with ischaemic heart disease (Ö hrvall et al. 1996b) , who are often characterized by some degree of insulin resistance. Healthy 50-year-old men who later developed myocardial infarction differed from those who remained healthy in that they had a fatty acid profile in serum cholesterol esters characterized by an increased proportion of saturated fatty acids, palmitoleic acid and dihomo-gamma linolenic acid, and low levels of linoleic acid, the same pattern as seen in other insulin-resistant states. The apparent D5 desaturase activity was reduced and also remained an independent risk factor for myocardial infarction when other conventional risk factors were taken into account in the analysis (Ö hrvall et al. 1996a) .
Thus insulin resistance and related disorders are characterized by specific changes of the proportions of the fatty acid pattern of the serum lipids, indicating possible changes of the activities of the enzymes responsible for desaturation and elongation in the body. These enzyme activities are today recognized to be at least partly regulated by dietary fatty acids (Clarke, 2000) . If the dietary fat composition is changed from more saturated to more unsaturated fatty acids during strictly controlled isoenergetic studies where other nutrients are kept constant, the fatty acid proportions change in serum from a pattern characteristic for insulin resistance on the saturated fat diet to one which has been associated with a better insulin sensitivity (on the unsaturated fat diet) (Laserre et al. 1985) .
Fatty acid composition of the skeletal muscle and insulin sensitivity
The peripheral insulin sensitivity is mainly determined by S92 B. Vessby Table 1 . Relationships (linear correlation coefficients) between insulin sensitivity measured by the euglycaemic, hyperinsulinaemic clamp technique, and fatty acid composition (%) in serum cholesterol esters (S-CE) and adipose tissue triglycerides (AT-TG), in 70-year-old men
16 : 0 − 0⋅24*** − 0⋅16** 16 : 1 n-7 − 0⋅28*** − 0⋅16* 18 : 0 − 0⋅03 + 0⋅36*** 18 : 1 n-9 − 0⋅12** + 0⋅06 18 : 2 n-6 + 0⋅26*** + 0⋅11* 18 : 3 n-3 + 0⋅06 + 0⋅19*** 18 : 3 n-6 − 0⋅21*** + 0⋅08 20 : 3 n-6 − 0⋅39*** − 0⋅35*** 20 : 4 n-6 − 0⋅14*** − 0⋅46*** 20 : 5 n-3 − 0⋅04 − 0⋅20*** 22 : 4 n-6 -− 0⋅47*** 22 : 5 n-3 -− 0⋅38*** 22 : 6 n-3 − 0⋅03 − 0⋅21*** 16 : 1/16 : 0 − 0⋅24*** − 0⋅08 18 : 3 n-6/18 : 2 n-6 − 0⋅22*** 0⋅00 20 : 4 n-6/20 : 3 n-6 + 0⋅20*** − 0⋅08
the degree of insulin-stimulated glucose uptake in the skeletal muscles. Borkman and co-workers (Borkman et al. 1993) were the first to demonstrate an association between the fatty acid composition of the phospholipids in the skeletal muscle cell membranes and insulin sensitivity in humans. They showed that the insulin sensitivity in healthy Australian men was directly related to the sum of the proportions of long-chain polyunsaturated fatty acids with 20-22 carbon atoms in the skeletal muscle phospholipids. A strong positive association was demonstrated between the apparent activity of D-5 desaturase and insulin sensitivity as measured by the clamp technique. In another study in Pima Indians (Pan et al. 1995) , similar results were achieved. It has been suggested that the n-6 : n-3 ratio might be important in determining insulin sensitivity (Storlien et al. 1996) . In our study of 70-year-old men in Uppsala (Vessby et al. 1994b) we showed that the proportion of palmitic acid in the skeletal muscle phospholipids was strongly and independently inversely related to insulin sensitivity. There were no significant relationships betweeen the proportions of longchain fatty acids with 20-22 carbon atoms or the proportions of n-3 fatty acids and insulin sensitivity in this material of elderly men. The diverging findings in the three groups of men may to some part be explained by different amounts of n-3 fatty acids, or different ratios between n-6 and n-3 fatty acids, in the skeletal muscles in the three groups. The highest proportions of n-3 fatty acids in the three populations were seen among the men fom Uppsala, the lowest in the Pima Indians, and intermediate levels in the Australian men.
The fatty acid composition of the skeletal muscle is influenced by diet, but also by the degree of physical activity (Andersson et al. 1998 ) and of the muscle fibre composition (Lillioja et al. 1987) , factors which are also related to the peripheral insulin sensitivity. The fatty acid composition in the muscle may be modulated by increased physical activity, also with unchanged dietary fat quality, indicating that the metabolism and incorporation of fatty acids in the membrane phospholipids is influenced by the degree of physical activity as such. The differences in fatty acid composition between trained and untrained subjects, with a pattern indicating an improved insulin sensitivity in the former group, are also significant when adjusted for muscle fibre composition (A. Andersson et al., unpublished results) .
Reasons for variations in the fatty acid pattern of skeletal muscles
The fatty acid composition of the skeletal muscles changes with the the fatty acid composition of the diet. This was demonstrated in experimental studies in animals (Ayre & Hulbert, 1996) . In a recent human study we could show high levels of saturated fatty acids in the muscles of people who had been on a strictly controlled, butter-rich diet for 3 months. Subjects who had been on an identical diet containing rape seed oil showed lower levels of saturated fatty acids but significantly higher proportions of oleic acid (B. Vessby et al., unpublished results) . The effect of dietary fat may be influenced by the degree of physical activity, which may also indirectly modify the fatty acid composition of the skeletal muscles by modifying the muscle fibre composition. To what extent the variations in fatty acid composition are due to environmental effects, or secondary to genetic variations in the activities of the enzymes regulating the desaturation and elongation of the fatty acids in the body, or due to skeletal muscle fibre composition, is presently unknown. In addition, it has been suggested that a reduction of the activity of the D-5 desaturase may be an effect of fetal undernutrition (Ozanne et al. 1998) , with possible consequences for the fatty acid composition and insulin sensitivity in adult life.
Why may variations in skeletal muscle fatty acid composition affect insulin sensitivity?
A detailed analysis of how variations of the fatty acid composition of the cell membrane may affect insulin sensitivity falls outside the scope of this review. Several explanations are possible, as discussed earlier (Storlien et al. 1996) . Altered fatty acid composition of the cell membranes in the skeletal muscle will influence the physicochemical properties of the membranes with consequent effects, for example on receptor function, ion transport over the membranes, cell energy requirement and cell signalling. A high proportion of saturated fatty acids in the cell membrane may impair insulin action by:
(1) altered insulin receptor binding/affinity (2) altered ability to translocate/insert glucose transporters (3) changes of phospholipid fatty acids -interaction with function of second messenger (protein kinase C) (4) reduced ion permeability (membranes less 'leaky').
Intervention studies in humans
If the dietary fatty acid composition is a significant determinant of insulin sensitivity, it should be possible to influence insulin sensitivity by changing the fatty acid composition of the diet. A number of dietary studies have been performed during recent years, with the aim of investigating this issue. Trial design and duration, inclusion criteria, methodology and type of dietary modifications undertaken have differed. In some studies not only the type of fat, but also the relation between the proportions of fat and carbohydrates, have been changed. In other studies the energy intake has varied during the test periods, causing variations in body weight which may have influenced the results. If certain criteria have to be fulfilled (isoenergetic, randomized, controlled trials where insulin sensitivity has been evaluated by adequate methodologythe euglycaemic hyperinsulinaemic clamp technique, De Fronzo et al. 1979 ; the frequently sampled intravenous glucose tolerance test; or the 'minimal model' according to Bergman, see Steil et al. 1993) , and the overview is restricted to investigations of the effects of a change of fat quality only, then only a few studies fulfil these criteria.
Studies in healthy subjects comparing the effects of changes of dietary fatty acids on insulin sensitivity (Table 2) have uniformly shown negative results, as did a placebocontrolled study of the effects of supplementation with n-3 fatty acids in hypertensive subjects. Also, when measures of insulin secretion were evaluated no significant changes were recorded. In NIDDM patients most studies have focused on the effect of supplementation with n-3 fatty acids (Table 3) . Although animal experiments have suggested positive effects of n-3 fatty acids on insulin sensitivity, no positive effect on insulin action has hitherto been demonstrated in controlled studies in humans.
Further studies needed
Based on experimental studies, epidemiology, and clinical trials evaluating the associations between fatty acid composition and insulin sensitivity in humans, it seems reasonable to believe that the dietary fat amount and fat composition, in concert with the degree of physical activity, are among several factors of importance for peripheral insulin sensitivity. To finally prove this point we need to show that a change of dietary fatty acid composition will also affect insulin sensitivity in humans. Nearly all studies to date have been short-term studies involving a restricted number of subjects. It is conceivable that a change of fatty acid pattern in the skeletal muscle phospholipid is a rather slow process over weeks and months, and that most earlier studies may have been too short and/or had too low statistical power to demonstrate a significant effect. Further studies are urgently needed.
The methodology for controlled dietary studies is complex, the variability between individuals with regard to dietary response is large, and the costs for studies of this kind are high. In a recent multi-centre study (Kuopio, Aarhus, Naples, Wollongong and Uppsala), known as the KANWU study, the ambition was to perform a controlled trial of adequate size and duration to evaluate the effect of a change of dietary fat quality on insulin sensitivity and insulin secretion in healthy humans. The study was a controlled, randomized trial over 3 months which was performed simultaneously at the five centres. The preliminary results indicate for the first time that a change of dietary fatty acid composition from more saturated to more monunsaturated S94 B. Vessby (Steil et al. 1993) . Clamp = euglycaemic, hyperisulinaemic clamp technique (De Fronzo et al. 1979) . IVGTT, OGTT = intravenous and oral glucose tolerance test, respectively. fatty acids is associated with improved insulin sensitivity in humans (Vessby et al. 1999) .
